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■ Abstract Large-scale extragalactic jets, observed to extend from a few to a few 
04 ' hundred kiloparsecs from active galactic nuclei, are now studied over many decades 
l/^ ' in frequency of electromagnetic spectrum, from radio until (possibly) TeV 7 rays. 

, For hundreds of known radio jets, only about 30 are observed at optical frequencies. 



o 
o 



Most of them are relatively short and faint, with only a few exceptions, like 3C 273 
or M 87, allowing for detailed spectroscopic and morphological studies. Somewhat 
surprisingly, the large-scale jets can be very prominent in X-rays. Up to now, about 
30 jets were detected within the 1 — lOkeV energy range, although the nature of this 



2 ■ emission is still under debate. In general, both optical and X-ray jet observations 
^ ' present serious problems for standard radiation models for the considered objects. 

Recent TeV observations of M 87 suggest the possibility of generating large photon 
^ ] fluxes at these high energies by its extended jet. 

^ . In this paper we summarize information about multiwavelength emission of the large- 
scale jets, and we point out several modifications of the standard jet radiation models 
(connected with relativistic bulk velocities, jet radial stratification and particle ener- 
gization all the way along the jet), which can possibly explain some of the mentioned 
puzzling observations. We also comment on 7-ray emission of the discussed objects. 
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1 INTRODUCTION 

The very first cxtragalactic large-scale jet was discovered in optical. This was a 'curious straight 
ray' emanating from the nucleus of an active galaxy M 87 (Curtis 1918), which was called 
a 'jet' for the first time by Baade and Minkowski (1954) and detected at radio frequencies 
much later. Also the second known cxtragalactic jet, connected with the quasi-stellar object 
3C 273, was found in optical at first (Schmidt 1963). One can note, that the large-scale jet 
in the closest radio galaxy Centaurus A was observed at X-rays before its radio structure was 
revealed (Schreier et al. 1979). However, it was the development of Very Large Array ( VLA) and 
Very Long Baseline Interferometry (VLBT) radio techniques, which enabled the first systematic 
observations of many jets associated with distant radio galaxies and other kinds of Active 
Galactic Nuclei (AGNs). Since then, studying cxtragalactic jets was related predominantly to 
radio observations, which could follow them from tens-of-kiloparsec down to parscc scales. Until 
now, almost one thousand radio jets (accordingly to the morphological definition by Bridle and 
Perley 1984) in more than six himdred radio sources were discovered (sec Liu and Zhang 2002). 
For a long time, only a few of these objects were known to possess optical or X-ray counterparts. 
Recently, the situation started to change after the optical Hubble Space Telescope (HST) and 
Chandra, X-ray Observatory (CXO) were launched*. 

Extragalactic large-scale jets are the largest physically connected structures in the Universe, 
with linear sizes reaching even mcgaparsecs. Although widely studied in radio frequencies 
over the last three decades and considered to play an essential role in unification theories 
for AGNs, they are still superficially known objects. Among the other issues, the exact jet 
composition, velocity and magnetic internal structure, or finally processes controlling energy 
dissipation and jet interactions with the surrounding (galactic and intergalactic) medium, are 
still under debate. For a wide discussion regarding these problems one can consult a review 
by Begelman et al. 1984, one of the more recent monographs (e.g., Hughes 1991), or finally 
some conference proceedings (e.g., Ostrowski et al. 1997). As a short introduction let us only 
note that extragalactic large-scale jets arc usually assumed to be composed of fully ionized, 
coUisionlcss and electrically neutral plasma, which is underdense with respect to intergalactic 
medium, containing ultrarelativistic nonthermal electrons and magnetic field frozen-in to the 
plasma. 



*Scc the web pages http: //home . fnal .gov/' jester/opt jets by S. Jester 
and http://hea-www.harvard.edu/XJETS by D. Harris. 
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Recent progress in studying extragalactic large-scale jets at high radiation frequencies sub- 
stantially lighted up discussions regarding the physical conditions within these objects. Detailed 
optical and X-ray observations performed by HST and CXO with high spatial resolution and 
high sensitivity already gave us a number of new, in many aspects unexpected and puzzling 
results. Here we will try to briefly summarize these new observations, and to discuss what they 
can tell us about radiating particles (their spatial localization and spectral energy distribution), 
and, more generally, about the physical conditions within the large-scale jets (is there any in 
situ particle re-acceleration within the jet flow? if yes, what is its nature?). In this context, 
we will briefly mention theoretical models proposed in literature till now, which try to explain 
optical and X-ray data. Finally, we will also discuss an exciting possibility of observing extra- 
galactic large-scale jets at very high 7-ray frequencies, open for us thanks to modern Imaging 
Atmospheric Cherenkov Telescopes {lACTs) or planned space missions like ^-ray Large Area 
Space Telescope {GLAST). Obviously, any discussion should start with a review of previous and 
recent radio observations. 

2 RADIO EMISSION 

Extragalactic jots as observed in radio frequencies are more or less narrow beams emanating 
from compact central cores of radio-loud AGNs radio galaxies, quasars, Seyfert galaxies or BL 
Lac objects and exhibiting a complexity and variety of morphology and physical properties. 
Each radio-loud AGN is supposed to produce a pair of jets flowing with at least mildly rela- 
tivistic bulk velocities in opposite directions, being called 'a (main) jet' (the one approaching 
the observer) and 'a counterjet' (the receding one). According to our current knowledge, jets 
continuously transport energy in a form of bulk kinetic (or electromagnetic) energy from active 
centers to the kpc up to Mpc scales. There the carried nonthermal plasma loses collimation, 
and being eventually turned back by the ambient medium, forms two extended radio 'lobes' at 
both sides of the parent galaxy. In a few recent cases of powerful and extremely extended radio 
sources, two pairs of aligned and hosted by the same galaxy double-lobed structures of different 
sizes were discovered (e.g., Sclioenmakers et al. 2000, Saripalli et al. 2002, 2003), showing that 
the jet activity can be intermittent (see in this context Clarke et al. 1992, Kaiser et al. 2000). 
During the jet's active period, a small part of jet kinetic energy is converted to energization 
of nonthermal particles producing synchrotron (and also inevitably inverse-Compton) emission 
along the flow. The most powerful jets finish with bright 'hot spots', where strong shocks form 
and convert the jet kinetic energy into random internal energy of the shocked plasma. This pa- 
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per does not deal with multiwavelength emission of the radio lobes or of the hot spots, although 
it should be mentioned that by studying them one provides important constraints on jet pa- 
rameters. For example, an analysis of the extended radio regions surrounding powerful sources 
suggests that the power of their jets is at least 10^'^ erg s~^ (Rawlings and Saunders 1991). In 
this context, new X-ray observations of lobes and hot spots (see, e.g., Brunetti 2002) are of 
particular interest. 

Identification of extragalactic large-scale radio jets can be difiicult because of the afore- 
mentioned variety of jet morphology and observational limitations. Sometimes one does not 
see a continuous beam, but rather a train of 'knots' (brightenings) along the expected jet path, 
probably due to the much lower surface brightness of the inter-knot structures. Knotty mor- 
phology of the extragalactic jets, coexisting with their good collimation over many decades in 
length scale, is one of the most striking and important characteristics of these objects. However, 
jets can also be strongly bent and even suggestively disrupted when leaving the host galaxy, 
particularly if localized in rich cluster medium. Finally, the jets can be invisible although their 
by-products, like hot spots or extended lobes, are clearly detected. This is the case for most 
of the counterjets, especially in powerful sources. In general, lobes and hot spots at both sides 
of the parent active galaxy (if present) are much more symmetric in size and radio power than 
the jet and the counterjet. 

Most of the radio jets are one-sided close to their parent objects, i.e. at the pc scales. 
Further out from the nucleus, at kpc scales, jets in weak sources become gradually or suddenly 
two-sided, while most of the jets in powerful sources propagate through all of their tens- to 
hundreds-of-kpc lengths with high jet-counterjet brightness asymmetry. This behavior seems 
to be connected with an overall morphology of the radio source, which led Fanaroff and Riley 
(1974) to divide radio galaxies into two classes. Radio galaxies of type I (FR Is) are therefore 
characterized as weak sources, with total power at 178 MHz being PnsMUz < 2 • 10^^ W Hz~^, 
which are edge-darkened (i.e. for which the radio intensity decreases away from the core), 
lacking hot-spots and possessing two-sided large-scale radio jets (with eventually small jet- 
counterjet brightness asymmetry). Radio galaxies of type II (FR lis, 'classical doubles') are 
powerful, Pi78MHz > 2 • 10^^ W Hz~^, edge-brightened, with an entirely one-sided radio jet and 
with two bright hot spots at the outfiow terminal points. There are some other differences 
between these two classes, for example jets in FR lis are generally better coUimated (almost 
cylindrical), less bended and more knotty (i.e. exhibiting higher knot-to-interknot contrast) 
than the jets in FR Is. Also, opposite to the FR I radio galaxies, extended radio lobes in FR 
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lis dominate the total radio power. For this reason, the jets in the later sources, although more 
powerful than the weak FR I jets, are more difficult to detect. Well studied examples of these 
two types of radio sources are FR I radio galaxy 3C 31 (e.g., Laing and Bridle 2002) and FR II 
object Cygnus A (e.g., Carilli and Barthel 1996). 

Jets in radio-loud quasars are similar to the jets in FR II radio galaxies, but are more 
prominent in total radio luminosity of a system and, therefore, are being detected more often. 
On the other hand, large-scale radio structures in BL Lac objects are supposed to resemble 
those in FR Is. The correspondence between quasars and FR II radio galaxies as well as 
between BL Lacs and FR Is, is one of the basic ideas of the unification scheme for radio-loud 
AGNs (e.g., Urry and Padovani 1995). However, it is still required to be verified carefully 
by means of multifrequency and multi-scale observations. It should be noted that there are 
some radio sources with a BL Lac nucleus and FR II large-scale radio morphology (e.g., 3C 
371). Recently Blundell and Rawling (2001) discovered also the 300kpc-long FR I jet in the 
quasar E1921-I-643 classified previously as radio-quiet. This suggests that at least some of 
the radio-quiet quasars may have FR I large-scale jet morphology. The radio-loud/radio-quiet 
dichotomy, and, in general, the accuracy of the jet unification scheme (exploiting predominantly 
kinematical factors like jet inclination and velocity), is one of the most widely discussed topics 
recently. The same is true for understanding the FR I - FR II boundary, especially after the 
discovery of a few HYbrid MOrphology Radio Sources (HYMORS), which exhibit an FR I radio 
structure on one side of the nucleus, and an FR II on the other (Gopal-Krishna and Wiita 2000). 
The presence of such objects supports an 'extrinsic' explanation for the FR physical separation, 
ascribing it to the jet interaction with the surrounding medium controlled by its power, and 
opposes 'intrinsic' explanations, which consider differences in the jet composition, spin of the 
central black hole or accretion process. 

Jet-counterjet brightness asymmetry, being correlated with radio luminosity of the source 
and usually changing along the fiow, can be used to estimate jet bulk velocity, or even to 
study the jet velocity structure. A natural explanation for such asymmetry is a relativistic 
beaming, which can ampliiy or de-ampliiy emission produced by a relativisticaly moving source 
accordingly to L = (S^/T) L', where L is the observed synchrotron luminosity of the continuous, 
steady jet, L' is the appropriate intrinsic luminosity, F is a jet bulk Lorentz factor and d = 
l/r(l — /3cos^) is the Doppler factor for the jet moving with the velocity /3 = \/l — with 
an inclination 6 to the line of sight (e.g., Lind and Blandford 1985, Sikora et al. 1997). Radio 
observations suggest, that at parsec distances from the active centers all jets in radio galaxies 
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and radio loud quasars are highly relativistic, with F ~ 3 — 10, independently on their radio 
luminosity and large-scale structure classification (Giovannini et al. 2001). At larger scales, 
two-sideness of FR I jets suggest only mildly- or even sub-relativistic velocities (e.g., Laing et 
al. 1999). On the other hand, detailed VLA studies of the FR II sources imply that jet speeds 
in these objects remain relativistic up to the flow termination in hot-spots, however with bulk 
Lorentz factors not greater than F 3 (Wardle and Aaron 1997). Thus, jet deceleration between 
pc- and kpc-scales seems to take place, being in addition stronger in weak FR I sources than 
in FR lis. 

A great deal of theoretical effort was devoted to explain how FR I jets can decelerate at 
first kiloparsecs from the jet base, without loosing collimation and avoiding efficient energy 
dissipation to radiating particles. This can probably be understood in terms of significant 
entraining of the ambient (galactic) medium by such jets, resulting in changing the character of 
their flow from an initially relativistic and supersonic to the sub-relativistic, highly turbulent 
and subsonic (Begelman 1982, de Young 1986, 1993, Bicknell 1994, Komissarov 1994). The 
situation in FR lis is still an open question, and it is possible that these jets propagate with 
much higher F than the radio observations suggest (see next Sects.). This confusion arises from 
the fact that the only direct information we have about these objects is obtained from their 
non-thermal radiation, which usually cannot give us deflnite constraints on the jet parameters, 
especially if observations are limited to the narrow (radio) frequency range. As a result, it is not 
clear if the jet-counterjet brightness asymmetry measurements can give us reliable estimates of 
the large-scale jet bulk velocities, as it can be seriously affected by, for example, the interaction 
of the jet with the surrounding medium. Such interactions can create velocity structure across 
the jet flow, and also stimulate particle acceleration processes. These effects can significantly 
infiuence jet-counterjet radio brightness asymmetry, and in general the whole jet radiative 
output, but are difficult to quantiiy (Komissarov 1990, Stawarz and Ostrowski 2002b). 

Radio emission of extragalactic large-scale jets is a polarized power-law continuum, oc 
y~", with high linear polarization reaching 40%, or sometimes even more than 50%, and with 
a radio spectral index being typically an ^ 0.5 — 0.8. The observed radio luminosities of jets 
change from 10^^ erg s~^ for weak sources, up to 10^^ erg s~^ for the most luminous ones. 
A natural explanation of this emission is a synchrotron radiation of ultrarelativistic electrons 
with a nonthermal energy distribution n'^, spinning in a tangled magnetic field of intensity 
B. From the standard synchrotron theory, in which every electron with the Lorentz factor 7 
radiates mostly at the critical frequency v' = [e / ^-k rriec) B ^"^ , one has (in the jet commoving 
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frame denoted by primes) L'^,du' = meC^ |7| V n'^d'y, where a rate of synchrotron cooUng is 
me(? lil = |c(TtJ/b7^' magnetic field energy density is f/g = B'^/Sw and V is the volume 
of the emitting region. Therefore, the electron energy distribution required to produce the 
observed radio emission has to be a power-law, n'^ oc 7"*, with the spectral index s = 2aR-|-l ~ 
2 — 2.6, and with low ('1') and high ('h') energy cut-offs related to the maximum and minimum 
observed synchrotron frequency by 71/h 0.1 BZy^ (Cn/ma.)'/'' ^here B_, ^ B/IQ-^ G and 
u' is given in Hz (note that the radio observations usually do not cover the whole range of 
the electron synchrotron emission). Such electron spectra are obtained in a natural way in 
Fermi- type processes (first-order shock acceleration or second-order stochastic acceleration), in 
which relativistic particles undergoing multiple scatterings within turbulent magnetized plasma 
increase their energies and can form a power-law energy distribution. 

One cannot derive the magnetic field intensity solely from the radio synchrotron emission. 
The problem is usually overcome by applying assumption of energy equipartition between rel- 
ativistic particles and the jet magnetic field, which minimizes the total pressure (energy) of 
the synchrotron source with given volume and luminosity (e.g., Miley 1980). However, in order 
to use this procedure, one should know the composition of the jet relativistic matter, in par- 
ticular the ratio of the relativistic proton pressure to the radiating electron pressure, and to 
evaluate the minimum electron energy, crucial in deriving the electron energy density for s > 2 
(aR > 0.5). Usually, when computing the magnetic field equipartition value, the pressure of 
relativistic protons is neglected, and the electron minimum energy is related to the lowest ob- 
served radio frequency, fmin = i^^'min ~ 10 MHz, being then 71 3-10^ BZ^^ Both these 
additional assumptions are not necessarily correct, as indicated by the new X-ray observations 
of the quasar jets: the former one seems to be violated in the case of small scale blazar sources 
(Sikora and Madejski 2000), while the latter one - probably, but not necessarily - in the case 
of their large-scale counterparts observed by CXO (see next Sects.). Whatever the case, the 
equipartition values of the magnetic field in the large-scale extragalactic jets, being typically 
10~^ G, should be considered as rough order-of-magnitude estimates of real values. 

Also the spatial structure of the jet magnetic field remains largely unknown. Possibly it 
is tangled on a small scale, and eventually partially ordered on a large scale due to its own 
regular topology, but also due to shearing and/or compression of the jet medium (Laing 1980). 
In general, in the absence of the Faraday eff'ects, polarization maps imply that within powerful 
large-scale jets the magnetic field is on average parallel to the jet axis. In the case of FR Is 
the situation is more complex, with the magnetic field changing its configuration from parallel 
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to transverse along the flow, across the flow (in the sense that it is ahgned to the jet axis near 
the jet edges and transverse at the jet center), or even in some cases exhibiting pure transverse 
behavior. Although it is not easy to guess the realistic three-dimensional configuration of 
the magnetic field from the polarization maps alone, such observations are usually interpreted 
as evidence for the jet internal structure, consisting of a fast central spine characterized by 
the transverse magnetic field (due to shock compression?), and surrounded by the boundary 
layer with the magnetic field aligned parallel to the jet axis due to shearing effects arising 
from interaction with the surrounding medium. A different interpretation involving helical 
magnetic field - in the context of the pc-scale jets - was proposed by, e.g., Gabuzda (1999). 
Spine-boundary shear layer polarization structures appended with kinematic interpretation of 
the jet-counterjet brightness asymmetry are consistent with the model of decelerating FR I 
jet, for which an initially relativistic flow is visible at the beginning only due to its slower 
boundary layer, but after the jet decelerates, its emission starts to be dominated by the spine 
component (Laing 1996). One should note, that particle acceleration processes acting in both 
jet components could differ substantially. 

There are several models of particle acceleration processes considered in the literature in the 
context of extragalactic large-scale jets, for example the ones involving shock waves within the 
flow. This class of models identifies knots with places of strong shocks, where ultrarelativistic 
particles are accelerated via the first-order Fermi process and form power-law energy distribu- 
tions with spectral indices s 2 in a non-relativistic case (e.g., Blandford and Eichler 1987; for 
an ultrarelativistic case see, e.g., Ostrowski and Bednarz 2002). It was proposed by Rees (1978), 
that such strong shocks could form due to intrinsic velocity irregularities within the jet flow 
itself. Alternatively, shocks can form in the knot regions due to interactions of the jet plasma 
with dense clouds of the external matter (Blandford and Konigl 1979), due to jet reconfinement 
by the ambient medium (e.g., Sanders 1983), or finally due to large-scale instabilities within 
the jet flow^ (e.g., Bicknell and Begelman 1996). An alternative and/or supplementary class of 
models involve the second-order Fermi acceleration of relativistic particles on turbulent MHD 
waves, created within the jet flow by inevitable Kelvin- Helmholtz instabilities (Pacholczyk and 
Scott 1976, Lacombe 1977, Eilek 1979, Bicknell and Melrose 1982). Under several assumptions, 
connected, for example, with poorly understood processes determining spectrum and structure 



tlf strong enough, such instabilities can also alter the large-scale jet morphology. In this context Eilek et al. 
(2002) proposed an alternative to the FR classification of extragalactic radio sources, which exploits ability of 
jet flows to development and eventual saturation of the disruptive large-scale instabilities. 
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of the turbulence, these models can explain some aspects of the observed jet radio emission. 
One of the consequences of these models is the fact that as the Kelvin- Helmholtz instabilities 
are excited predominantly at the jet boundaries, where they form turbulent boundary layer 
by cascading to the shorter wavelength (e.g., Birkinshaw 1991), dissipation of the jet kinetic 
energy to radiating particles should take place predominantly at the jet edges (e.g., Eilek 1982; 
cf. Bicknell and Melrose 1982). As a result, one should expect limb-brightening of the jets, 
what is in fact the case for some radio sources (if only observed with a sufficient spatial reso- 
lution), like FR I jet in M 87 or FR II jet in 3C 353 (Owen et al. 1989 and Swain et al. 1998, 
respectively). However, additional physical processes can complicate such a simple picture, for 
example a turbulent mixing of the spine and the boundary layer medium. Finally, another, and 
at the moment hardly explored, possibility for particle acceleration within the large-scale jets 
is connected with magnetic reconnection processes (e.g., Birk and Lesch 2000). 

3 OPTICAL EMISSION 

Before the ifS" Emission, only a few extragalactic large-scale jets were observed at optical photon 
energy range. There were the jets in the FR I radio galaxies M 87 (Curtis 1918) and 3C 66B 
(Butcher et al. 1980), in the quasar 3C 273 (Schmidt 1963), and in the BL Lac object with a 
hybrid radio morphology PKS 0521-365 (Danziger et al. 1979). Isolated optical knots related to 
the jet radio structure were also observed in the FR II source 3C 277.3 (Miley et al. 1981), and 
in the intermediate FR I/FR II radio galaxy NGC 6251 (Keel 1988). In addition, detection of a 
weak optical jet in the FR I object 3C 31 was reported by Butcher et al. (1980), but confirmed 
only recently (Croston et al. 2003). Finally, bright optical emission considered previously as a 
manifestation of the hot spot in the FR II source 3C 303 (e.g., Keel 1988), was later recognized 
as being caused by the knot activity (Meisenheimcr et al. 1997). In general, in the case of 
FR II sources, discrimination between the hot-spot and knot origin of the optical emission 
can be confusing sometimes. This, however, is important, as the physical conditions in hot- 
spots can be much different from the ones within the jets themselves. Another observational 
difficulty that should be mentioned is the requirement of very careful extraction of the host 
galaxy starlight in order to reveal the presence of short optical jets emanating from the galactic 
nuclei. Also, isolated jet brightenings knots can be misled with background/foreground 
optical objects, like galaxies or intergalactic gas clouds. Therefore, in addition to the apparent 
coincidence between optical features with the radio jet structure, additional spectral information 
is sometimes required in order to confirm the presence of the optical counterpart to the radio 
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jet. Such observational limitations have been partly overcome by the HST, starting from its 
first, unexpected detection of a short (projected length ~ 0.3 kpc) optical jet in the FR I radio 
galaxy 3C 264 (Crane et al. 1993). 

Until now, about 30 optical jets in extragalactic sources are known, plus several non- 
discussed here candidate sources. Clear, elongated and continuous optical jet-like structures, 
or only isolated optical knots corresponding to the radio ones, are observed in different types of 
radio sources. There are optical jets in the quasars: 3C 273 (e.g., Roser and Meisenheimer 1991, 
Bahcall et al. 1995, Jester et al. 2001), 3C 212 and 3C 245 (Ridgway and Stockton 1997), 3C 
380 (de Vries et al. 1997), PKS 0637-752 (Schwartz et al. 2000), 3C 279 (Cheung 2002), PKS 
1136-135, PKS 1150+497 and PKS 1354+195 (Sambruna et al. 2002), 3C 179, 3C 207, 3C 345, 
PKS 1642+690, PKS 1928+738, PKS 2251+134 (Sambruna et al. 2004b); and in the FR II 
radio galaxies: 3C 371 (Nilsson et al. 1997, Scarpa et al. 1999), 3C 277.3 (Miley et al. 1981), 
3C 303 (Meisenheimer et al. 1997) and 3C 346 (Dey and van Breugel 1994). There are also 
the optical jets in the intermediate FR I/FR II objects NGC 6251 and 3C 15 (Keel 1988 and 
Martel et al. 1998, respectively), as well as in the aforementioned hybrid morphology radio 
source PKS 0521-365 (Danziger et al. 1979, Scarpa et al. 1999). Optical jets are also being 
observed in a number of FR I radio galaxies, like M 87 (e.g., Meisenheimer et al. 1996, Perlman 
et al. 1999, 2001), 3C 66B (Butcher et al. 1980, Macchetto 1991), 3C 31 (Butcher et al. 1980, 
Croston et al. 2003), 3C 264 (Crane et al. 1993, Lara et al. 1999), 3C 78 (Sparks et al. 1995), 
PKS 2201+044 (Scarpa et al. 1999), B2 0755+37 and B2 1553+24 (Parma et al. 2003) and in 
the Seyfert galaxy 3C 120 (Hjorth et al. 1995). The projected lengths of these jets, located 
always on a main-jet side, range from a few hundred parsecs up to a few kiloparsecs in cases 
of FR I sources, and from a few up to a few tens of kiloparsecs in the cases of quasars and 
FR lis. However, the optical jets are always shorter than their radio counterparts. They are 
also narrower, better coUimated (almost cylindrical, with a beam radius 0.1 — Ikpc), and 
more knotty (i.e. with higher knot-to-interknot brightness contrast) than the related radio 
structures. No counterjet to any of the aforementioned objects was detected in optical (but 
see Fraix-Burnet 1997). Interestingly, in 3C 66B and 3C 264 a filamentary, edge-brightened 
('double-stranded') optical jet structure was found (Macchetto et al. 1991, Crane et al. 1993, 
respectively) 

Optical emission observed from the discussed objects is a featureless power-law continuum. 
The optical spectral index ranges from ao ^ 0.6 (e.g., 3C 371) up to > 1.6 (in 3C 66B, PKS 
0521-365, 3C 279, 3C 346), and is in general larger than the radio one. Radio-to-optical power- 
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law slope ranges from aR_o ^ 0.6 (e.g., 3C 264) up to ~ 1 (for 3C 212, 3C 245). In some cases, 
linear polarization of the optical emission is measured on the level of ten percent and more (M 
87, 3C 273, 3C 120 3C 277.3). This fact, together with an almost one-to-one correspondence in 
the knotty morphology between the radio jets and their optical counterparts, strongly argues 
for the synchrotron origin of the jet optical photons, invahdating alternative possibilities like 
Thomson scattering of AGN anisotropic radiation, thermal bremsstrahlung of surrounding hot 
clumped gas, or emission of jet-induced star formation regions. Therefore, for the considered 
jets the radio power-law continuum extends with a spectral index ai < 1 up to some break 
frequency i^r placed around optical energy range, where it breaks to a2 > 1. As a result, most 
of the radiative power is emitted at frequencies v ~ v^r- One should note, however, that in 
most cases the exact location of the break frequency is not well constrained and, in addition, 
there are indications that it varies significantly from object to object: among the jets observed 
in optical and also X-rays i/hi can be placed somewhere between infrared (i^br > 10^^ Hz) up 
to ultraviolet {u^r < 10^^ Hz) frequencies. This manifests itself by the large dispersion of jet 
optical spectral indices. 

The most remarkable characteristic of the optical extragalactic jets is that both radio- to- 
optical spectral indices, as well as equipartition values of the jet magnetic field are constant, or 
only very smoothly changing along the jet. This behavior was noted in almost every case (PKS 
0521-365, 3C 264, 3C 66B), but most clearly in 3C 273 and M 87. In the latter source, both ao 
and aR_o oscillate around the mean values 0.9 and 0.7, respectively. Smooth changes of 
these spectral indices are not correlated with each other, although in some jet regions subtle anti- 
correlation was noted, as well as correlation between ao and the jet brightness (Meisenheimer 
et al. 1996, Perlman et al. 2001). For such physical conditions, the required Lorentz factor of 
electrons responsible for optical synchrotron emission, 7 ~ 10^, should be stable over 2kpcs of 
the M 87 jet length. In addition, the considered object exhibits strong (up to 50%) polarization 
all along the flow, also in the inter knot regions, both in radio and optical, indicating a well- 
ordered magnetic field. Interestingly, the magnetic field configuration is much diflFerent when 
observed at these two photon energy domains, in the sense that optical polarization is stronger 
at the jet center, while the radio one is larger at the jet edges. Also, the magnetic field inferred 
from the optical observations reveals longitudinal configuration in the interknot regions but 
transverse within the bright knots, while it is always parallel to the jet axis when observed 
in radio (Perlman et al. 1999). This suggests spine - boundary shear layer morphology, with 
higher energy emission concentrated within a (faster) central jet component. 
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The optical jet in 3C 273 looks different from the one in M 87, although some general 
similarities remain. Firstly, it is much longer, with a projected length ~ 37 kpc. Similarly to M 
87, the optical jet in 3C 273 is narrower and much better coUimated than its radio counterpart. 
It is characterized by a series of bright knots confined to a cylindrical tube and linked by diffusive 
and continuous inter-knot emission. Such morphology was considered in terms of a fast moving 
central spine bright in optical, surrounded by a slow- moving radio cocoon (Bahcall et al. 1995). 
Both optical and radio polarisations reveal magnetic field being parallel (on average) to the 
jet axis. Similarly to the jet in M 87, optical and radio spectral indices, as well as radio-to- 
optical power-law slope, changes very smoothly along the jet. However, in this case ao does 
not fluctuate around the mean value, but instead decreases very slowly from 0.5 in the inner 
jet regions up to 1.6 in its outer parts, without a correlation to the optical surface brightness 
(Jester et al. 2001). In fact, there are large but local variations in the brightness distribution 
along the jet without any significant changes of the optical spectral index, but at the same 
time the optical flux remains globally constant along the jet while ao slowly declines. These 
observational facts have led Jester et al. (2001) to conclude that there is no evidence of efficient 
radiative cooling along a 30kpc-long optical jet in 3C 273. 

A lifetime of an ultrarelativistic electron with the Lorentz factor 7 - for nonrelativistic 
jet velocities and Ub > t^rad (where f/rad is energy density of radiation fields contributing 
to the electron inverse-Compton emission, and therefore to additional radiative losses) - is 
iiife ^ 7/|7|syn ^ 10^ ^15^'^ BZ\^^ yrs, where z/i5 = z//10^^ Hz. With the equipartition magnetic 
field B-i = 1 and ui^ = 1 one obtains fufe, o ~ 10^ yrs, what in other words limits propagation 
length of the optically emitting electrons Iq < cfufe.o ^ 0.3 kpc. However, the projected length 
of the optical jets, as well as distances of optical knots from the active nucleus and from each 
other, are usually much longer than this scale, in some cases even more than by two orders 
of magnitude. Such discrepancy between optical jet length and the maximum propagation 
length of radiating electrons - the so called 'electron lifetime problem' - was realized at the 
very beginning of optical jet observations. In addition, as mentioned above, radio-to-optical 
power-law slope is remarkably stable along the jets, and no signs of strong spectral ageing 
are observed. Although very knotty, some of the optical jets (like 3C 273 or M 87) clearly 
reveal the interknot optical emission, which is roughly constant over the spatial extent much 
longer than the above estimated Iq would allow. Therefore, even in a framework of the widely 
accepted scenario of shock acceleration taking place within bright knots, the optical jets are 
much too long, and the distances between the subsequent knots are too large to expect any 
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optical synchrotron emission from the regions between them. As stressed by Meisenheimer et 
al. (1996), the shock-in-knot model alone cannot explain optical emission of the M 87 jet and 
some kind of permanent particle re-acceleration process acting along the jet body is required. 
It was further argued that the (equipartition) magnetic field controls smooth changes of the jet 
surface brightness, the optical spectral index, and even the acceleration efficiency. 

Until today, different ideas explaining the electron lifetime problem were proposed. They 
can be divided into two main groups, namely either those involving some kind of particle re- 
acceleration within the jet flow, or the models avoiding in situ energy dissipation to radiating 
particles. As extreme cases of the latter type, one can mention the models involving 'loss- 
free' channels within the jets, forming due to the extremely low magnetic field intensity at 
the jet center (e.g., Owen et al. 1989 proposed this idea to explain the limb-brightening radio 
structure of the M 87 jet) or due to a particular electromagnetic configuration of the jet flow 
(Kundt 1989, 'Ex B drift'). In such channels, ultrarelativistic electrons can propagate to large 
distances without significant synchrotron cooling and, then, eventually loose energy at some 
separate energy-loss sites, like the jet boundary layer with a significantly larger magnetic field. 
However, as discussed below, decreasing of the electron synchrotron cooling cannot solve the 
whole problem, as the inverse-Compton losses (due to, e.g., cosmic microwave background ra- 
diation or galactic radiation fields) can significantly limit the electron lifetime. A more widely 
considered explanation of the electron lifetime problem is related to the relativistic bulk veloci- 
ties of the large-scale jets. In order to briefly discuss this possibility, let us review the following 
question connected with the optical jets in extragalactic radio sources: why are they so rare as 
compared to the radio jets? In particular, one would like to know what controls the 'optical 
loudness' of the discussed objects. Is it some extrinsic reason, connected, e.g., with a character 
of the ambient medium controlling somehow jet radiative output (see, e.g., Praix-Burnet 1992, 
also Nilsson et al. 1997), or intrinsic reason, like the age of the source for example? 

Sparks et al. (1995) noted, that all optical jets known up to 1995 were hosted by galaxies 
with powerful and flat radio spectrum active nuclei. This fact, together with one-sideness 
of the discussed objects, their good coUimation and shorter extensions as compared to the 
radio counterparts, led to the conclusion that relativistic beaming plays a substantial role in 
these jets. Sparks et al. concluded that the large-scale extragalactic jets with detected optical 
emission are significantly beamed. As the relativistic effects ampliiy the observed luminosity of 
the objects moving at an angle 6 < l/F to the line of sign, a small number of detected optical 
jets is expected from the sample of randomly oriented ones with F 1. Sparks et al. found 
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also that the sources possessing optical jets have smaller projected linear sizes of the radio 
structures than the sources without optical jets but with comparable total radio power. As the 
projected linear size of the radio source depends crucially on the jet orientation, but not its 
total radio power, this result seems to be consistent with the beaming hypothesis. Let us note, 
however, that some new observations of radio sources with prominent optical jets do not fit well 
within the above picture. For instance, 3C 15 does not posses the bright unresolved nucleus, 
the optical jet in 3C 273 is not much shorter than the radio one, while B2 0775+37 and B2 
1553+24 are very extended as compared to radio galaxies with similar total radio power. On 
the other hand, some other new observations support beaming hypothesis well. For example. 
Sparks et al. (2000) showed, that four of the nearest FR I galaxies with optical jets (3C 15, 
3C 66B, 3C 78, and 3C 264) exceptionally reveal the presence of circular, face-on dust discs, 
which allow us to determine jet inclination as being very close to the line of sight. Similar FR 
I sources without optical jets do not reveal such a dust structures. Scarpa and Urry (2002) 
analyzed energy budgets of optical jet sources and found that they are more strongly beamed 
than the average population of extragalactic radio sources, with the average jet bulk Lorentz 
factor F ~ 7.5 and the mean jet viewing angle 9 20*^. Similar conclusions were presented by 
Jester (2003), who underlined that optical jets seem to be common between all types of radio 
loud AGNs, and that the small number of the detected ones is solely due to surface brightness 
selection effects connected with relativistic beaming. All these conclusions are strongly and 
directly supported by the HST observations of the apparent superluminal motions at the kpc 
scale in the M 87 jet (Biretta et al. 1999). 

As shown by Heinz and Begelman (1997) the bulk Lorentz factor of the M 87 jet F ^ 2 — 3 
coupled with a sub-equipartition magnetic field, B 0.2 — 0.7 B^q, and adiabatic fiuctuations 
of the jet plasma can easily explain spectral behavior of the optical synchrotron emission along 
the jet flow, and in particular lack of the observed synchrotron cooling signatures. Thus, as 
compared to conclusions of Meisenheimer et al. (1996) there remains a general picture in which 
the magnetic field controls both emissivity and spectral index changes, although the require- 
ment for particle re-acceleration vanishes. Continuing this approach, Scarpa and Urry (2002) 
claimed that highly relativistic bulk velocities, inferred by them for large-scale optical jets, can 
solve on average the electron lifetime problem without need for particle re-acceleration, even if 
the equipartition condition is fulfilled. That is because relativistic bulk velocities blue-shifting 
photon energies in the observer rest frame, u = 5v' , and amplifying the observed synchrotron 
luminosity, L = ((5^/F) L' , decrease both the required energy of the electrons responsible for 
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the optical synchrotron emission as well as an equipartition value for the magnetic field inten- 
sity as compared to the one computed for nonrelativistic bulk velocities, B^q = -Beq,5=i S~^^'^ 
(see Stawarz et al. 2003). Hence, the rate of synchrotron cooling is also decreased, and the 
deprojected lengths of the optical jets, // sin^, is consistent on average with the propagation 
length of the optically emitting electrons, lo ^ c^t{^fe o- However, as pointed by Jester et 
al. (2001), this is not the case for the 3C 273. It is due to the fact, that with the increasing 
jet bulk Lorentz factor the energy density of the CMB radiation as measured in the jet rest 
frame also increases, Ucmb = f/cMB, leading to efficient inverse-Compton losses, and hence 
to the appropriate propagation length (for small jet viewing angles and nedlected redshift cor- 
rections) lo ~ O.Sr^/'^ BZl^^ iyi5^^ (1 + 10-3 r^BZ^)-! kpc. As a result, no combination of 
the B < Bgq and 5 > 1 can resolved the electron lifetime problem within the long (more than 
ten times longer than in M 87) jet in 3C 273. Thus, some kind of particle re-acceleration acting 
continuously along the jet body seems to be still required, even if the optical large-scale jets 
are highly relativistic and/or the jet magnetic field is below the equipartition value. 

4 X-RAY EMISSION 

Before CXO mission, only four extragalactic large-scale X-ray jets were known. The very first 
object of this kind was discovered in the closest FR 1 radio galaxy Centaurus A even before 
detection of its radio counterpart (Schrcicr et al. 1979, Fcigclson et al. 1981). The two other 
ones were, not surprisingly, the M 87 jet (Schrcicr et al. 1982, Birctta et al. 1991, Nemnann et 
al. 1997) and the 3C 273 one (Harris and Stern 1987, Roser et al. 2000). Finally, X-ray emission 
of the knot in the large-scale jet of peculiar Seyfert galaxy 3C 120 was reported by Harris et 
al. (1999). In all these cases the observed X-ray emission was recognized as a non-thermal one, 
being directly connected with the radio-emitting plasma activity. Further detections of the X- 
ray jets were however considered unlikely, because production of the nonthermal (synchrotron 
or inverse-Compton) keV photons by large-scale jets was supposed to be much lower than pro- 
duction of thermal X-ray radiation due to the hot gas surrounding extragalactic radio sources, 
except maybe the few closest and most powerful objects. Therefore, the first CXO discovery 
of the extremely extended (projected length > 100 kpc) X-ray jet associated with the distant 
{z = 0.654) quasar PKS 0637-752 was a surprise (Chartas et al. 2000, Schwartz et al. 2000). 
Since then, CXO detected about 30 such objects in different types of radio-loud AGNs. 

A lot of X-ray jets are observed by CXO in powerful quasars. They are the jets associated 
with 3C 273 (Marshall et al. 2001, Sambruna et al. 2001), PKS 0637-752 (Chartas et al. 2000, 
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Schwartz et al. 2000), 3C 207 (Brunetti et al. 2002), 3C 9 (Fabian et al. 2003), Q0957+561 
(Chartas et al. 2002), PKS 1136-135, PKS 1150+497, PKS 1354+195, and 3C 179 (Sambruna 
et al. 2002), PKS 0605-085, PKS 1510-089, 3C 345, PKS 1642+690, PKS 1928+738 (Sambruna 
et al. 2004b), including two GPS sources PKS 1127-145 and B2 0738+313 (Siemiginowska et 
al. 2002, 2003a, respectively). There are also the X-ray jets in the FR II radio galaxies Pictor 
A (Wilson et al. 2001), 3C 303 (Kataoka et al. 2003a) and 3C 371 (Pesce et al. 2001), in the 
FR II/FR I sources 3C 15 (Kataoka et al. 2003b) and NGC 6251 (Sambruna et al. 2004a), 
in PKS 0521-365 (Birkinshaw et al. 2002) and in the Seyfert radio galaxy 3C 120 (Harris et 
al. 1999). The X-ray jets are also common between less-luminous FR I systems like M 87 
(Marshall et al. 2002, Wilson and Yang 2002), Centaurus A (Kraft et al. 2000, 2002, Hardcastle 
et al. 2003), 3C 31 (Hardcastle et al. 2002), B2 0206+35 and B2 0755+37 (Worrall et al. 2001), 
3C 66B (Hardcastle et al. 2001), 3C 129 (Harris et al. 2002a), M 84 (Harris et al. 2002b), 3C 
270 (Chiaberge et al. 2003), NGC 315 (Worrall et al. 2003) and Seyfert galaxy 3C 120 (Harris 
et al. 1999). All these jets differ significantly in morphology and spectral properties, but as 
mentioned above, their featureless X-ray emission is uniquely considered as a manifestation of 
the non-thermal radiation processes. The thermal bremsstrahlung models can be excluded, as 
they require the existence of clumps of over-pressured gas far from the active galactic centers, 
with no obvious source of confinement and with the gas densities exceeding the ones implied 
by Faraday rotation and depolarization measurements (e.g., Harris and Krawczynski 2002). 
However, the nature of nonthermal processes responsible for production of relatively strong 
X-ray emission in the considered objects is still under debate. One can expect, that different 
processes can play a role in cases of low-power and high-power sources, as observed properties 
of the X-ray jets are much different in these two cases. 

X-ray jets in FR I radio sources are usually quite short (projected lengths 1 — 5kpc), 
being composed from diffusive knots with detectable inter-knot emission. X-ray jet morphology 
corresponds roughly to the radio morphology, and, if observed, to the optical one (M 87, 
PKS 0521-315, 3C 66B, 3C 31 and B2 0755+37). A very interesting and important difference 
between X-ray and radio/optical maps is the position of some knot maxima as observed at these 
frequencies, with the X-ray peaks placed closer to the jet base. The observed spatial offsets are 
~ 0.008 kpc in M 87, < 0.08 kpc in Centaurus A and ^ 0.2 kpc in 3C 66B. Except the weakest 
and the smallest objects (3C 270 and M 84), the observed X-ray luminosities of the discussed 
jets are Lx ^ 10^^ — 10^^ erg s~^ while the X-ray spectral index is on average ax ~ 1-3, ranging 
from ~ 1.1 (in 3C 31) to > 1.5 (e.g., NGC 315, some knots in M 87 and Centaurus A). This 
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suggests that radio-to-X-ray emission is consistent with a broken power-law continuum, where 
the low-energy part extends from radio up to some break frequency placed near optical 
frequencies (Sect. 3) with a power-law slope ai < 1, and then it continues up to at least X-ray 
frequencies with a2 > 1. This in turn suggests that X-ray photons in FR I jets are synchrotron 
in nature. One should note, that the observed values of the spectral break are larger than the 
expected ones in a simple cooling scenario, Aa = a2 — ai = 0.5. 

The synchrotron nature of the FR I jets X-ray emissions implies presence of the highly 
relativistic electrons, with the Lorentz factor 7 > 10^ for the equipartition magnetic field 10~^ G, 
and hence with the propagation length Ix < 0.03 kpc, much shorter than the projected lengths 
of the observed X-ray diffusive structures. This fact substantially strengthens a requirement 
of particle (re-)acceleration acting continuously along the jet, even if bulk jet velocities are 
relativistic and the jet magnetic fields are below equipartition. An alternative possibility would 
be the production of the X-ray photons via inverse-Compton processes. However, there are a few 
reasons why it is unlikely. First, the inverse-Compton models applied to the considered sources 
usually underestimate the observed X-ray fluxes, unless extreme jet parameters are invoked 
(e.g. Hardcastle et al. 2001; cf. Celotti et al. 2001). Secondly, as pointed out by Harris et al. 
(2003), rapid radiative cooling of the high energy electrons responsible for the X-ray synchrotron 
emission is more consistent with relatively short variability time scale observed in the M 87 X- 
ray knots, which is of the order of years, than a much longer radiative losses time scale of low 
energy electrons in the inverse-Compton scenario (see also Harris et al. 1997). Finally, also 
due to differences in the involved electron energies, the observed steep X-ray spectral indices - 
expected in a framework of synchrotron emission of radiatively cooling electrons - contradict 
the inverse-Compton models. To sum up, CXO observations of the large-scale FR I jets indicate 
that these objects can efficiently accelerate electrons up to at least 100 TeV energies. 

Difficulties are encountered in attempts of modeling the FR I jet X-ray emission in a 
framework of the standard shock-in-knot scenario, beginning with the observed steep spectral 
indices ax > Q^r -|- 0.5 and the X-ray/radio (optical) offset problem. It was initially proposed 
that the latter effect could be explained by particle acceleration at the shock front, placed at 
the position of X-ray peak, and subsequent cooling of the radiating particles as they propagate 
downstream along the jet, where the radio emission reaches its maximum. Hence, differences in 
the positions of the X-ray/radio maxima would simply be caused by differences in cooling times 
of the electrons radiating at different frequencies (Hardcastle et al. 2001, Bai and Lee 2003). 
However, detailed CXO observations of the Centaurus A jet revealed that this picture of a 
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uniform downstream particle advection is not adequate (Hardcastle et al. 2003). A possible 
solution for the problem might be a spatially non-uniform magnetic field, increasing within some 
knot regions, together with efiicient stochastic particle acceleration acting thereby to generate 
particles with diff'erent energies along the flow. Interestingly, such magnetic field inhomogeneous 
structures could also cause the observed large values of spectral breaks between low- and high- 
energy part of the observed synchrotron spectra, Aa > 0.5 (Cavallo et al. 1980, Coleman and 
Bicknell 1988). If this picture is correct, the X-ray emission - its spatial distribution and 
spectral properties - follows directly inhomogeneous magnetic field structures within the FR I 
jets, and also possibly within more powerful sources. 

In the hybrid morphology radio galaxy PKS 0521-365 the X-ray jet is placed on the source 
FR I side, and its spectral properties resemble those seen in the FR I jets: the steep spectral 
index ax ^ 1-3, the X-ray luminosity Lx ^ 10*^ erg s~^, and the projected length 3kpc. 
Also, the X-ray jet in the intermediate FR II/FR I source 3C 15 is not much different from 
the ones observed in FR I objects, however with a smaller spectral break implied by indices 
Q!R,_o ~ 0.9 and ao-x ~ l-l- — 1-2, as well as with a flatter X-ray spectral index ax ~ 0.7. In 
the FR II radio galaxy with a BL Lac nucleus 3C 371, the situation is similar. Here the X-ray jet 
is also a few kpc long, with edge-darkened X-ray morphology - opposite to the radio one - and 
with the X-ray flux below the extrapolated radio-to-optical continuum. In the classical double 
radio source Pictor A, the projected X-ray jet is more than 100 kpc long, only twice shorter than 
its weak radio counterpart. The X-ray emission of Pictor A jet is smooth (continuous), with 
the X-ray spectral index, ax ^ 0.94, similar to the radio spectral index, aR 0.85, and also 
to the radio-to- X-ray power-law slope, aR_x ^ 0.87 (optical upper limits are consistent with 
one power-law connecting radio and X-ray fluxes). Therefore, in all large-scale jets observed by 
CXO in FR II and intermediate type radio sources, the X-ray jet emission seems to be consistent 
with the synchrotron model (the X-ray knots in 3C 303, located several kpc from the parent 
galaxy, are too faint to discuss their spectral properties). In general, these jets are on average 
longer, more luminous, exhibiting flatter X-ray spectra and smaller spectral breaks than the 
earlier described FR I jets. For the recently discovered X-ray knot in FR II/ FR I radio galaxy 
NGC 6251 the synchrotron model is also the most plausible option, although in such a case 
spectral hardenings at the highest electron energies are required, as the X-ray continuum is 
extremely flat (X-ray spectral index ax ^ O.Oelolss)- 

Large-scale X-ray jets in powerful quasars differ significantly from the respective structures 
observed in FR Is. First, they are long, with projected lengths or distances of the knots from 
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the host galaxies ranging from few tens of kpcs up to more than 100 kpc (in PKS 0637-752, 
PKS 1127-145, B2 0738+313). In general, their knotty morphology corresponds well to the 
radio and eventually optical maps, although for some sources important differences were noted. 
The X-ray jets in quasars are also relatively luminous, with the 1 — lOkeV luminosity being on 
average -Lx ^ 10^^ — 10^^ erg s~^. Their X-ray spectra are flat (sometimes very flat, possibly 
even inverted), with the spectral indices ranging from ax ^ 0.1 in 3C 207, PKS 0605-085 
or PKS 1510-089 up to ~ 0.85 in PKS 0637-752*. One of the most characteristic feature of 
the broad-band spectral energy distribution in the discussed objects is the X-ray flux placed 
usually (although not always) above the extrapolated radio-to-optical continuum. One should 
also mention, that in a few cases (e.g., 3C 273, Q0957+561, PKS 1127-145) the observed X-ray 
flux decreases along the jet, opposite to the radio emission. Also, in the GPS quasars PKS 
1127-145 and B2 0738+313, as well as in 3C 273, signiflcant ofii'sets between positions of the 
X-ray and radio knots were noted, similar but much larger (> 10 kpc for PKS 1127-145) than 
the ones observed in some FR I jets. Finally, one should emphasize that knots observed in the 
discussed objects at radio, optical and X-ray photon energies are of similar sizes (^ Ikpc), and 
of similar flux proflles, i.e. no frequency-dependence in the knot extent was noted. 

As discussed by Chartas et al. (2000) and Schwartz et al. (2000), in the case of PKS 0637- 
752 a single-power-law synchrotron spectrum connecting radio, optical and X-ray emission can 
be excluded, as the X-ray flux is above the extrapolated radio-to-optical continuum about 
two orders of magnitude. On the other hand, the inverse-Compton scattering of the host 
galaxy stellar emission, of the AGN radiation or - for nonrelativistic jet velocities - of the 
CMB photons significantly underestimates the observed X-ray luminosity. The synchrotron- 
self Compton emission can possibly match the required X-ray flux, but only if the jet magnetic 
field is far below the equipartition (with 5 1), or if the jet emission is de-beamed in a sense 
that 6 < 1. Yet another possibility is that X-ray photons are produced by a different electron 
population than the one responsible for radio-to-optical emission. Tavecchio et al. (2000) and 
Celotti et al. (2001) proposed instead, that the PKS 0637-752 jet spectrum can be explained 
if one assumes that the jet is highly relativistic on hundreds-of-kpc scale, with the bulk Lorenz 
factor r > 10 and the jet viewing angle ^ < 6*^, similar to what is observed at parsec scales 
in this source. For such jet parameters, the low-energy electrons (if present) can efficiently 
inverse-Compton upscatter CMB photons to the observed frequency Vic ^ 6'^ ^cmb 7^, resulting 



tin the case of PKS 1928+738 the X-ray spectral index is exeptionally high, ax ~ 1.66. 
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in relatively strong X-ray emission with the observed luminosity Lie ^ (^/r)^ (^cmb/^s) ^sym 
where ?7cmb — ^ ' 10~^^r^ (1 + ^;)*erg cm^ is the energy density of the CMB radiation as 
measured in the jet rest frame at the redshift z. When applied to PKS 0637-752 jet, this 
model is consistent with the observed flat spectral index of the X-ray emission, ax ~ ckr, and 
is favorable on the grounds of the energetic arguments, as it allows for magnetic field close to 
equipartition and implies a much lower jet power as compared to the de-beamed SSC model 
(see also Ghisellini and Celotti 2001). Therefore, comptonization of the CMB radiation within 
highly relativistic large-scale quasar jets was widely discussed in the literature, being applied 
to all quasar jets observed by CXO (see also Harris and Krawczynski 2002, Sahayanathan et 
al. 2003). 

One of the predictions of the model explaining quasar jets X-ray emission as inverse- 
Compton scattering of CMB photons is that the X-ray quasar jets should be detectable by 
CXO with the same surface brightness anywhere at high redshifts (Schwartz 2002a). This is 
because the increase of the CMB energy density cx (1 -|- z)'^ exactly balances the decrease of the 
surface brightness of the extended jet structure due to expansion of the Universe, a (1 -|- z)~^. 
Thus, a sample of similar (in luminosity and magnetic field intensity) quasar jets placed over 
a range of redshift should exhibit dependence Lr/Lx oc (1 -|- z)~'^. It is interesting in this 
context that the large-scale X-ray jets seem to be common among distant quasar sources, with 
the X-ray luminosity being usually a few percent of the core luminosity (Schwartz et al. 2003). 
The most distant ones are found currently at the redshifts of 2; = 2.012 (3C 9) and z = 4.3 
(GB 1508-1-5714, Siemiginowska et al. 2003b). There is also an unconfirmed detection of the 
X-ray jet associated with one of the three most distant quasars known, SDSS 1030-1-0524 at 
z = 5.99 (Schwartz 2002b). In the last case there is no detection of the radio jet, while for 
the quasar GB 1508-1-5714 the jet radio structure was discovered after the X-ray detection 
(Cheung 2004). Interestingly, it indicates that X-rays can be more useful in studying extremely 
distant large-scale jets than the radio waves. 

Now, let us briefiy mention some 'warnings' to the model discussed above. First, it assumes 
highly relativistic velocities on large scales, which contradict the radio observations (Sect. 2), 
but on the other hand is supported by the optical results (Sect. 3). As mentioned above, the 
discrepancy can be explained by assuming the velocity structure across the jet flows. Yet, such 
high bulk velocities require very small jet inclinations, unless extreme intrinsic luminosities are 
invoked in order to balance the Doppler-hiding of the jet emission. This requirement, in turn, 
implies that the deprojected lengths of the considered sources have to be in some cases as large 
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as one megaparsec (PKS 0637-752, PKS 1127-145, B2 0738-^313). Such large linear sizes are 
not common in quasars or FR II objects, except a class of weak extended radio structures 
observed in the so-called Giant Radio Sources. Also, small jet viewing angles are not expected 
in the cases of lobe dominated quasars like 3C 207 and 3C 9. Secondly, in a framework of the 
discussed model, the X-ray emission is produced by a low-energy part of the electron energy 
distribution, with the Lorentz factors 7 < 10^, whose radio synchrotron emission cannot be 
directly observed. In addition, this unknown low-energy part of the electron spectrum has to 
cut-off sharply at 7 10 in order not to overproduce optical radiation by interactions with the 
CMB photons. 

Long radiative cooling time scale of 7 < 10^ electrons is consistent with large extents of the 
X-ray quasar jets. At the same time it also leads to another important problem, because knotty 
morphologies of the considered sources contradict long cooling times of radiating electrons. As 
presented above, the X-ray knot extensions are similar to the radio and optical ones, while the 
propagation lengths of the electrons responsible for emission at these photon energy ranges are 
much different. As discussed by Tavecchio et al. (2003), this cannot be explained solely by 
invoking adiabatic losses, if the knots are in fact homogeneous steady regions of particle acceler- 
ation, as usually modeled. This led Tavecchio et al. to suggest that knots are formed by several 
smaller 'clumps', which are themselves strongly matter dominated, and which can adiabaticaly 
expand rapidly enough to account for the observed knot morphology. Note however, that in 
a framework of the SSC emission, by postulating inhomogeneous structure of the knot regions 
and departures from the energy equipartition one can try to explain CXO quasar jet observa- 
tions. Stawarz et al. (2004) proposed instead, that high knot-to-interknot brightness contrasts, 
frequency-independent knot profiles and almost universal extents of the knot regions in the 
large-scale quasar jets observed at radio, optical and X-rays, can be explained (independently 
of the exact emission process producing X-ray photons) if the knots represent relativistically 
moving portions of the jet, with an excess kinetic power due to intermittent activity of the 
jet engine. Stawarz et al. proposed the appropriate time scales for jet activity and quiescent 
epochs 10^ yr and ~ 10^ yr, respectively (see in this context Reynolds and Begelman 1997, 
and also Marecki et al. 2003). 

Obviously, there is still a place to look for other mechanisms that might be able to produce 
non-thermal X-ray photons within the large-scale quasar jets, and for the ways to discriminate 
between different models. In particular, detection of the strong X-ray counterjet to any of the 
considered objects would exclude significant beaming of the observed emission. Up to now. 
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X-ray counterjets are possibly found in weak FR I source 3C 270, as well as in distant, lobe 
dominated quasar 3C 9. In the latter case, it is unclear whether the X-ray emission is non- 
thermal in nature, as - apart from the low photon statistic preventing detailed spectral analysis 
- there is no one-to-one morphological correspondence between the X-ray and radio structures. 
Similarly, in the X-ray maps of classical double Cygnus A system, linear features aligned with 
the radio jet and the counterjet were noted, although their direct connection with the radio 
jet plasma is unclear (Smith et al. 2002). It is also possible that in both 3C 9 and Cygnus A 
the aligned X-ray structures are due to thermal radiation of shocked gas which confines the 
jet plasma, as was suggested by Carilli et al. (2002) for the case of PKS 1138-262. Let us 
note, that such diffusive X-ray emission, as well as X-ray flux above the extrapolated radio-to- 
optical continuum is expected in a framework of the model discussed by Stawarz and Ostrowski 
(2002b). 

Stawarz and Ostrowski (2002a, 2002b) proposed the model, in which electrons trapped 
within highly turbulent shear boundary layers of the large-scale jets are piled-up near the max- 
imum energy 7 ~ 10^, producing the flat synchrotron X-ray spectrum (see also Ostrowski 2000). 
This idea received significant support recently from detailed CXO observations of the Centaurus 
A, which revealed a clear edge-brightening structure of the X-ray jet at kpc scale (Hardcastle 
et al. 2003), and also from detailed HST analysis of 3C 273 jet by Jester et al. (2003), where 
spectral hardening of the jet synchrotron spectrum starting at UV frequencies was measured. 
The latter observation suggests smooth continuation of the synchrotron optical emission up 
to higher photon energies not in terms of single (or broken) power-law, but involving instead 
spectral hardenings at high frequencies (see in this context Dermer and Atoyan 2002). Also, 
extremely flat (possibly even inverted) X-ray spectral indices found in a few quasar jets (Sam- 
bruna et al. 2004b), which make a problem for shock acceleration, are expected to occur in a 
framework of a boundary layer acceleration scenario. In addition, if the X-rays from these jets 
are synchrotron in nature (what most probably is the case in 3C 120, and in the brightest knot 
of 3C 273), one has to invoke extended particle acceleration sites - and not the localized shock 
fronts - in order to overcome the problem of flat X-ray spectral indices observed in face of strong 
cooling of the X-ray emitting electrons (see discussion in Aharonian 2002). This problem could 
be also explained by postulating multiple shock accelerations within knot regions (see Stawarz 
et al. 2004). Yet another possibility can be synchrotron emission of extremely energetic protons, 
with energies > 10^^ eV, as discussed by Aharonian (2002). This model can possibly explain 
long extensions of the X-ray quasar jets, as the synchrotron cooling time for such protons in 
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the required magnetic field 10~^ Gis very long, lO'' — 10^ yr. Let us finally note, that the 
other kinds of hadronic models, like proton induced cascades discussed, e.g., by Mannheim et 
al. (1991), can hardly explain CXO data (Aharonian 2002). 

5 7-RAY EMISSION 

The possibility of observing extragalaetie large-seale jets at 7-ray frequencies was not extensively 
discussed in the literature, because the presence of very high-energy particles needed to produce 
7-rays within the considered objects at the level allowing for positive detection, was considered 
unlikely. Recent optical and X-ray observations, as well as development of modern ground- 
based and space 7-ray telescopes, can permit the study of large-scale jets as high energy 7-ray 
sources. Even non-detections resulting in flux upper limits are useful for discrimination between 
different models proposed in the literature to explain radiation of these hardly known objects 
at lower energies. However, the primary difficulty in discussing 7-ray radiative output of the 
large-scale jets is that even though present and future 7-ray telescopes arc sensitive enough to 
cventiially detect the 7-ray signal from the discussed objects, their angular resolution will not 
allow for the separation of the kpc-scale jet emission from the possible core component. 

Until now, the possible 7-ray detections of the large-scale jets are connected with two 
nearby FR I objects, Centaurus A and M 87. CANGAROO observations of the Centaurus 
A system put the upper limit on its emission at the very high energy (VHE) 7-ray band, 
S{£.y > 1.5 TcV) < 1.28 • 10"" ph cm~2 s"! (Rowcll et al. 1999). However, the discussed object 
was detected in the past at TeV energies, with the observed flux S{e-y > 0.3 TeV) ~ 4.4- 10~^^ ph 
cm~^ s"^ (Grindlay et al. 1975), what made Centaurus A the very first (although not confirmed) 
detected extragalactic source of VHE radiation. The recent upper limit suggests that this 
emission can be variable on a timescale of years, which in turn may suggest that 7-rays are 
produced at small scales, close to the active nucleus. The core origin of the detected 7-rays 
can be justified by studying the spectral energy distribution of the broad-band core emission, 
although not without some controversies. For example, detailed analysis of the Centaurus 
A central region emission by Chiabergc et al. (2001) indicates that in the framework of the 
leptonic model the small-scale Centaurus A jet is not expected to be the source of VHE photons, 
while Bai and Lee (2001) have drawn an opposite conclusion. Such controversy is also present 
in the case of M 87 radio galaxy, for which recent HEGRA observations resulted in a positive 
detection of the VHE emission with the observed fiux S{ej > 0.73 TeV) ^ 0.96 • 10"^^ ph cm"^ 
s~^ (Aharonian et al. 2003). This emission was proposed to originate from hadronic processes in 
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either small-scale jet (Reimer et al. 2004) or interstellar medium (Pfrommer and Ensslin 2003). 
However, one should note that the large-scale jets in both M 87 and Centaurus A are natural 
sites for production of the VHE 7-ray photons. 

Stawarz et al. (2003) discussed the VHE 7-ray emission of the low-luminosity kpc-scale 
jets observed by HST and CXO in FR I radio galaxies. These objects are most probably 
relativistic, and no doubt able to produce very high-energy electrons. The energy distribution 
of such electrons is relatively well covered by the radio- to- X-ray observations (Sects. 2-4), 
and therefore one can reasonably estimate the expected VHE 7-ray fluxes resulting from the 
inverse-Compton processes. For the Centaurus A kpc-scale jet, Stawarz et al. (2003) estimated 
measurable by future 7-ray telescopes emission at 1 — 10 GeV and 0.1—1 TeV photon energies 
due to comptonization of the hidden blazar radiation and the synchrotron self-Compton process, 
respectively. Comptonisation of the blazar radiation within large-scale jets in radio galaxies was 
discussed also by Celotti et al. (2001) in the context of their X-ray radiation. A new target 
photon field for the inverse-Compton process within the kpc-scale jet was considered by Stawarz 
et al. (2003), who showed that the VHE emission detected recently from the M 87 system can 
result from comptonization of stellar and circumstellar infrared photons of the host galaxy. 

The analysis by Stawarz et al. (2003) suggests that a variety of inverse-Compton processes 
can control spectral properties of the VHE emission in different FR I objects. Obviously, one 
should expect significant differences between the FR I and quasar jets, with different radio-to- 
X-ray spectra suggesting different 7-ray radiative outputs. In addition, as quasars are cosmo- 
logically distant objects, the effects of absorption of their 7-ray emission on cosmic background 
microwave-to-optical radiation fields can play an important role in controlling the observed 
7-ray spectra (see in this context Aharonian et al. 1994). 

6 CONCLUSIONS 

Extragalactic large-scale jets arc confirmed soiirccs of radio, optical and X-ray photons. Re- 
cent optical and X-ray observations have already substantially enriched our knowledge of the 
discussed objects, and one should expect many new and important results to come in the near 
future. The discovery of the X-ray jets without radio counterparts, as well as prospects of 
observing extragalactic jets at 7-ray frequencies, are particularly exciting in this respect. 

Thanks to HST and CXO we collected convincing evidence that extragalactic jets remain 
relativistic at tens and himdreds of kiloparsec scales. We know that they possess internal veloc- 
ity profiles and magnetic field inhomogeneous structures, which seem to be closely related to the 
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energy dissipation processes. Particle acceleration processes acting in jets are much less under- 
stood than previously thought. However, we take for certain that particle re-acceleration within 
the large-scale jets is inevitable. In particular, optical and X-ray observations suggest that such 
processes are more complex than usually modeled, and it is possible that there are many dif- 
ferent ways of dissipating the jet kinetic energy to the radiating particles to be considered. For 
example, except for the localized particle acceleration sites within the knot regions, particle 
acceleration processes seem to act continuously along the whole jet body, efficiently producing 
very high-energy electrons. In addition, a variety of spectral shapes observed in different types 
of extragalactic large-scale jets indicates that the energy distribution of the accelerated particles 
does not follow a simple power-law behavior. Thus, spectral and morphological characteristics 
of the large-scale jets multiwavelength emission are extremely important for understanding the 
long-discussed issue of particle acceleration in astrophysical jets. 
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